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(57) ABSTRACT

The present invention relates to OLED devices and stacks for
OLED devices that include a symmetric emissive-layer archi-
tecture. In one embodiment, the present invention relates to
an emissive stack having three layers, wherein the top and
bottom layers emit light in the same or similar color region
while the middle layer emits light 1n a different color region
than the other two layers. In such an embodiment, the three
layers are in contact with each other with no other layers 1n
between. The symmetric emissive-layer architecture of the

present invention can be used to improve the color stability of
OLED devices.




Patent Application Publication  Jun. 23,2016 Sheet1 of 11 US 2016/0181560 Al

-Ql iy
|
'1". i
|
i
: 1
: B
: e
: —
E Qo
: L.
| "
: &
PR 4 E
<73 e
i, .
) H
s 3 ¥
T
| ! .

e

e

wr &
AR L5 T

t’.ﬂ-.-u -_’- b e .

‘.s ?-G PR TN b ] WL
i, g



Patent Application Publication  Jun. 23,2016 Sheet 2 of 11 US 2016/0181560 Al

Figure 2

f,»:-'“"-“ﬁw.-*-
2

IR RTT LY

230
3 L R—
P30 ¢ JP—
215



US 2016/0181560 Al

Jun. 23, 2016 Sheet 3 0f 11

Patent Application Publication

€ 21n814

o Xt T F T X T ¥ 1

ol ni U onln o n e e
R F RS EEE R
R B R R BB R RN R ) ._._.__..___.4.__.“
i F U I .T.T.T.T.T.T.T.T.T.T.T.T o ‘

i
.-. et
.._.._..._..1....._..._._1.._...1.._.._...1....._..._..1....r.._..r.._.....v.._........r.._..r.._ N e

EER AR LR
L e
I ) F I I R )

O e e e e e R B e e O B O e e B N e B g g

183

14V 401dd 18V mo_mn_

00¢€



Patent Application Publication  Jun. 23,2016 Sheet4 of 11 US 2016/0181560 Al

400

310
321
322

330

EML A’
EML X
EML B
EML A
Figure 4

320{



G 2.Nn314

US 2016/0181560 Al

| lunl el benl punl bul punl bl el bl punl bl punl benl punl benl punl bl punl benl punl benl munl bl punl benl punl benl punl bl gl benl punl benl punl bl munl bunl punl benl punl el munl benl punl benl sl bl punl benl punl benl pl benl punl benl punl benl sl benl gl benl punl benl el el gl lenl gl | “
L. 1 o
M "'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'" {_.. i- k -' l.'l.'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'"'" by
.rl..r...rl..rl..r...rl..rl..r...rl..rl..r...rl..rl..r...rl..rl..r...rl..rl..r...rl..rl..r...rl..rl..r...f " .I * ™ * .rl..r...rl..rl..r...rl..rl..r...rl..rl..r...rl..rl..r...rl..rl..r...rl..rl..r...rl..rl..r...rl..rl..r...r r
St L . S A
PP . . SRR . P e

H._._-_.____-..___-_.__..-_._._-_._._.-_.___-_._.__-_._._-_._.._-_._._-.._.__-_._._-_.____-_.._-_..__-_.._-_..__-_...-_..__-.._-_..__-_.._-_.._.-...-_.._ b e - ...-_._.__-_.._”._._H.._”.._H...”.___H.._”...

LU L L L L R L LR L L )
N R R R oA T i o e e

b & & & & & & & & & & b & & & &b s s AN E S s E N o 5 d b 4..r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r.r
r = r Ll r

i i

L L]

W (g ol A

a TR B o

s
{1
.

=21

Jun. 23, 2016 SheetSof11

R N N N N N N
i

i i i i

iy

§ERCEIE
Wi (Y Jo

g (g 10} A

ey, eyl A ey ey B

O e e O i U O O e O

A

otk
s
e

L4 .
Lj
¥
* . ,
L§ . .
L
¥
L§ w
L m m
WAl alalalaataialal
”1l1l1l1l1l1n1l1l1l1l1l1n1l1l1l1l1l1n1l1l1l1l1l1n1l1l1l1l1l1n1l1l1l1l1l1n1l1l1n -.l1l1l1l1n1l1l1l1l1l1n1l1l1l1l1l1n1l1l1l1l1l1n1l1l1l1lunqnqlqlqlqlqlqnqlqlqlql” ............................... T

)

r
KA EE R EE R RN NN FE N FEEFEREEENEENRERREN

Patent Application Publication



Patent Application Publication  Jun. 23,2016 Sheet 6 of 11 US 2016/0181560 Al

800

750

R/G stack
Figure 6A

0
Wavelength [nm]

450

400

350

0.2

N
-

0 ©
- <

['n-e] Ajisusjui 13 pazijewlioN



US 2016/0181560 Al

Jun. 23, 2016 Sheet 7 0f 11

Patent Application Publication

g9 3.ingi

[wiu] ybuajaaep

(08 054 004 059 009 056 00G 0S¥ OCF 0G¢

r ] ' 1 -
i ' _ i : 1
| ] 1 .o 3

¥
- e a .H.._-_m..‘._.......,,a.

- . r _
-...-_4.—,-.:-.-_...:-_ . 3 LY L L) ._-u.uhl_q, _ -_
. ' j

¢ 0

' - r
= 3 ' a - . 3 .
& 1 ! " Il L . . L
» ' - . r - -
» * 1 ' Iy ) . ] r * r
1 ' : L h L
» [ b ' H . L
r ' - r
» 1 n ' . r r
T TR S . T T T T T T .- . T T -_ PR r. ) T T .
r ' Lo Y AN » r r
. . ' . . ' . . . . . . r .
" 1 | ' -l v a r - . r .
. . ' . .
1 ' § u . F L
» . ) ' : - -
3 ' n n . 3
» ' ¥ ¥
1 ' ih . '
= p ' ' T = . .
r L] < h L] r
» . ' r r

MIEIS /O

['n-e] Ayisusjul 73 pozijewioN



Patent Application Publication

R/G/R stack

Jun. 23, 2016

...........................................................................................

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

...................................................................................

............................................................................................

L]
L]
L]
L]
L]
.
"
L]
"
L]
L]
L]
"
"
L]
"
L]
"
L]
L]
L]
L]
L]
"
"
"
L]
L]
L]
"
"
L]
"
L]
"

el '
-

=9

L]
L]
"
"
.
L]
L]
L]
.
"
L]
"
L]
.
L]
L]
L]
L]
L]
.
"
"
L]
L]
L]
L]
"
L]
.
L]
"
L]
. .
L]
L]
L]
L]
"
.
"
L]
L]
L]
L]

L T R R
"
L]
"
L]
.
L]
"
L]
L]
L]
L]
"
"
.
L]
L]
L]
L]
.
L]
"
L]
"
L]
L]
L]
L]
1

-

0.8
0.6 -

['rre] Alisusiiil 13 pozijeuwlioN

Sheet 8 of 11

----------------------------------------

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

0.2

750

US 2016/0181560 Al

400

0
Wavelength [nm]
Figure 6C

400 450

350



Patent Application Publication  Jun. 23,2016 Sheet 9 of 11 US 2016/0181560 Al

Figure 7A

R/G stack

Waveiength [nm]

350

0.6
0.4 -

o)
o

['n-e] Ajisuajug 13 pazijewoN



Patent Application Publication  Jun. 23,2016 Sheet 10 of 11 US 2016/0181560 Al

;"'"""";""""""""""'"""""'"""'""'""""""""""""'"""""'"""'""'""""""""""""'""'""""""'""'""""""""""""'""'"""""""""""""-"'"""""""""""""""""""""" Q
'
] .
-
n 1,
] - b
-
1 1, .
| ] 1
-
] 1
= 1
| | 1
| | L]
. T
u 1
| |
-
" 1
| |
-
- 1
| ]
-
| |
| |
[ N T T A L Y | ENFINY Aaa s T A s A T o s T mum A A s A RS A A A N A N M M ode RN AN S R A R B R N e B ods Mk M B M N Sl R B de B ode R R B A R L M L B M B d. i de R N A N e -I I }

700

..........................................................................................................

650

600

550

G/R stack
Wavelength [nm]

u 1
: -
. . L—-
1
: -
1
: : 3
[ | m
[
[ |
[ |
[
: Q W Safainl
| | '
[ | Ll
x h '
[ ) -
] " 1 r
-
[ 1 - n
] . 1 ' n.[
[ | 1 N . B
} . ol
[ ] i B 1, ‘_
1 N r I
] 'y T v -
. : " - -
. - .
| | 1 1 b
. .. ' - : -4
[ 1 . -
| | 1 '
x " - -
. -
L] 1. . . . . . - . . . . . . . . . . . . . . . . . . . . e
- ] 'l_l 'l_" 'l_' 'l_'l 'l_'l 'l_l '_l '_l 'l_l '|_' 'l_' 'l_'l 'l_l '_l_r'_'l 'l_l 'l_'l '|_' '|_' 'l_'l 'l_l '_l '_l 'l_l '|_' 'l_' 'I'_'l 'l_'l 'l_l '_l 'l_'l 'l_'l '|_' '|_' 'l_'l 'l_l '_l '_l 'l_'l '|_' 'l_' 'l_'l 'l_'l 'l_l '_l '_l 'l_l '|_' '|_' 'l_'l '|_'|l.'_| '_'l 'l_'l 'l_'l 'l_' '|_' 'l_'l 'l_l '_l '_l 'l_l 'l_ - m
| | 1 1 ]
n - 1 ' ¥ -
- - b
. 1 . " . -
| | 1 1 wyr
- . - N r g
. . =
[ ] 1 . 1 L
. .. N . "
[ ] i 1, -
X . 1 . bt
. - . ol
| | 1 r, -
. ) : ' =
. . .
u ! 1 " B
[ | 1 1 w
- . N -
T H‘ .
[ | 1 -
x . b o
. 1 . -
e e e et e e e Tt e e e et e v — e R T T S PP Y - OO
. . .
| | 1 r R
- 1 e
[ 1 - ' -:
] " r
. T : "y
[ | 1 1, 'y
[} L] ! r -
. - . - . 1*&.
. . 1 5 : 4
. - . .
[ ] i r,
| | 1 1 '.
] " r
[ 1, :
. , - ,
] . 1 >
. .
P 1 -
| | 1 - 1
' i D
! ' !
= L] - »

{'n-e] Ajisusiul 113 pPOZIjeWLION



D/ 3In3i

fuuu] yybusijaaepp

US 2016/0181560 Al

il

008 0G.L 004 049 009 044 00% Gt 00V 0%€

...._.._-,...:.__u..u. SN Yy .._...'m y’
ey . -
£

4
=B

"
Ay
84

= om w o= o= == o= omoan o= o= oo ot = e = m a = o= o om o= o= s ow o= oxogomowoarom o= om o a o=z o= oaom

||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

Jun. 23, 2016 Sheet 11 of 11

aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa

....................................................................................................

joeis ¥§/o9/4

Patent Application Publication

0

['n-e] Ayisusiu; 13 pezieuwliON



US 2016/0181560 Al

COLOR-STABLE ORGANIC LIGHT
EMITTING DIODE STACK

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Patent

Application Ser. No. 62/093,104, filed Dec. 17, 2014, the
entire contents of which are incorporated herein by reference.

PARTIES TO A JOINT RESEARCH AGR.

L.

EMENT

[0002] The claamed invention was made by, on behalf of,
and/or 1n connection with one or more of the following parties
to a joint umversity corporation research agreement: Regents
of the University of Michigan, Princeton University, Univer-
sity of Southern Califorma, and the Universal Display Cor-
poration. The agreement was 1n effect on and before the date
the claimed 1nvention was made, and the claimed invention
was made as a result of activities undertaken within the scope
of the agreement.

FIELD OF THE INVENTION

[0003] The present mvention relates to emissive-layer
stacks for organic light emitting diodes and devices including
the same.

BACKGROUND

[0004] Opto-electronic devices that make use of organic
materials are becoming increasingly desirable for a number
of reasons. Many of the materials used to make such devices
are relatively inexpensive, so organic opto-electronic devices
have the potential for cost advantages over inorganic devices.
In addition, the inherent properties of organic materals, such
as their flexibility, may make them well suited for particular
applications such as fabrication on a flexible substrate.
Examples of organic opto-electronic devices include organic
light emitting devices (OLEDs), organic phototransistors,
organic photovoltaic cells, and organic photodetectors. For
OLEDs, the organic materials may have performance advan-
tages over conventional materials. For example, the wave-
length at which an organic emissive layer emits light may
generally be readily tuned with appropriate dopants.

[0005] OLEDs make use of thin organic films that emuit
light when voltage 1s applied across the device. OLEDs are
becoming an increasingly interesting technology for use in
applications such as flat panel displays, illumination, and
backlighting. Several OLED materials and configurations are
described 1n U.S. Pat. Nos. 5,844,363, 6,303,238, and 5,707,
745, which are incorporated herein by reference in their
entirety.

[0006] One application for phosphorescent emissive mol-
ecules 1s a full color display. Industry standards for such a
display call for pixels adapted to emait particular colors,
referred to as “saturated” colors. In particular, these standards
call for saturated red, green, and blue pixels. Color may be
measured using CIE coordinates, which are well known to the
art.

[0007] One example of a green emissive molecule 1s tris(2-
phenylpyridine) iridium, denoted Ir(ppy),, which has the fol-
lowing structure:

Jun. 23, 2016

()

Ir

[0008] Inthis, and later figures herein, we depict the dative
bond from nitrogen to metal (here, Ir) as a straight line.
[0009] As used herein, the term “orgamic” includes poly-
meric materials as well as small molecule organic materials
that may be used to fabricate organic opto-electronic devices.
“Small molecule” refers to any organic material that 1s not a
polymer, and “small molecules™ may actually be quite large.
Small molecules may include repeat units 1n some circum-
stances. For example, using a long chain alkyl group as a
substituent does not remove a molecule from the “small mol-
ecule” class. Small molecules may also be incorporated into
polymers, for example as a pendent group on a polymer
backbone or as a part of the backbone. Small molecules may
also serve as the core moiety of a dendrimer, which consists of
a series of chemical shells built on the core moiety. The core
moiety of a dendrimer may be a tluorescent or phosphores-
cent small molecule emitter. A dendrimer may be a “small
molecule,” and 1t 1s believed that all dendrimers currently
used 1n the field of OLEDs are small molecules.

[0010] As used herein, “top” means furthest away from the
substrate, while “bottom”™ means closest to the substrate.
Where a first layer 1s described as “disposed over” a second
layer, the first layer 1s disposed further away from substrate.
There may be other layers between the first and second layer,
unless 1t 1s specified that the first layer 1s “in contact with™ or
“adjacent to” the second layer. For example, a cathode may be
described as “disposed over” an anode, even though there are
various organic layers in between.

[0011] As used herein, “solution processible” means
capable of being dissolved, dispersed, or transported 1n and/
or deposited from a liquid medium, either 1n solution or
suspension form.

[0012] A ligand may bereferred to as “photoactive” when 1t
1s believed that the ligand directly contributes to the photo-
active properties ol an emissive material. A ligand may be
referred to as “ancillary” when 1t 1s believed that the ligand
does not contribute to the photoactive properties of an emis-
stve material, although an ancillary ligand may alter the prop-
erties of a photoactive ligand.

[0013] As used herein, and as would be generally under-
stood by one skilled 1n the art, a first “Highest Occupied
Molecular Orbital” (HOMO) or “Lowest Unoccupied
Molecular Orbital” (LUMO) energy level 1s “greater than™ or
“higher than™ a second HOMO or LUMO energy level 1f the
first energy level 1s closer to the vacuum energy level. Since
ionization potentials (IP) are measured as a negative energy
relative to a vacuum level, a higher HOMO energy level
corresponds to an IP having a smaller absolute value (an IP
that 1s less negative). Similarly, a higher LUMO energy level
corresponds to an electron affinity (EA) having a smaller
absolute value (an EA that 1s less negative). On a conventional
energy level diagram, with the vacuum level at the top, the

LUMO energy level of a material 1s higher than the HOMO
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energy level of the same material. A “higher” HOMO or
LUMO energy level appears closer to the top of such a dia-
gram than a “lower” HOMO or LUMO energy level.

[0014] As used herein, and as would be generally under-
stood by one skilled 1n the art, a first work function 1s “greater
than™ or “higher than™ a second work function it the first work
function has a higher absolute value. Because work functions
are generally measured as negative numbers relative to
vacuum level, this means that a “higher” work function 1s
more negative. On a conventional energy level diagram, with
the vacuum level at the top, a “higher” work function 1s
illustrated as further away from the vacuum level 1n the down-
ward direction. Thus, the definitions of HOMQO and LUMO
energy levels follow a different convention than work func-

tions.
[0015] More details on OLEDs, and the definitions

described above, can be found in U.S. Pat. No. 7,279,704,
which 1s incorporated herein by reference in 1ts entirety.
[0016] As used herein, a “red” layer, material, region, or
device refers to one that emits light in the range of about
580-700 nm; a *“‘green” layer, material, region, or device
refers to one that has an emission spectrum with a peak
wavelength 1n the range of about 500-600 nm; a “blue” layer,
matenal, or device refers to one that has an emission spectrum
with a peak wavelength in the range of about 400-300nm; and
a “vellow’ layer, material, region, or device refers to one that
has an emission spectrum with a peak wavelength in the range
of about 540-600 nm. In some arrangements, separate layers,
materials, regions, or devices may provide separate “deep
blue” and “light blue” light components. As used herein, in
arrangements that provide separate “light blue” and “deep
blue™ light components, the “deep blue” component refers to
one having a peak emission wavelength that 1s at least about
4 nm less than the peak emission wavelength of the “light
blue” component. Typically, a “light blue” component has a
peak emission wavelength in the range of about 465-500 nm,
and a “deep blue” component has a peak emission wavelength
in the range of about 400-470 nm, though these ranges may
vary for some embodiments.

[0017] Many OLEDs known in the art contain multiple
emissive layers. For example, a white OLED may include two
to three emissive layers. Such devices can be optimized by
pinning down the recombination zone at the interface of emis-
stve layers to attempt to achieve color stability at various
driving conditions. However, even 1n an optimized structure,
the multi-layer OLED device can still exhibit a color that
varies with different driving currents. This illustrates that the
color stability of the device needs improvement.

[0018] Thus, there 1s a need 1n the art for an OLED device
with multiple emissive layers that has improved color stabil-
ity. The present invention addresses this need 1n the art.

SUMMARY OF THE INVENTION

[0019] According to aspects of the disclosed subject matter,
an organic light emitting device 1s provided that includes a
first electrode; a first emissive stack disposed over the first
clectrode; and a second electrode disposed over the first emis-
sive stack; wherein the first emissive stack consists of N
emissive layers 1 contact and 1n sequence from the first
clectrode side; wherein N 1s an integer of at least 3; wherein
the first emissive layer 1n the first emissive stack nearest the
first electrode and the Nth emissive layer 1n the first emissive
stack nearest the second electrode emait light 1n the same color
region, and wherein at least one emissive layer 1n the first
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emissive stack other than the first and the Nth emissive layers
emuits light 1n a different color region than the first and the Nth
emissive layers. In one embodiment, the difference between
the emission peak of the first emissive layer and the emission
peak of the Nth emissive layer 1s less than about 10 nm. In one
embodiment, the difference between the emission peaks of
the first and Nth emissive layers and the emission peak of any
other emissive layer 1s greater than about 10 nm. In one
embodiment, the first and the Nth emissive layers are red
emissive layers. In one embodiment, the at least one emissive
layer 1n the first emissive stack other than the first and the Nth
emissive layers 1s a green emissive layer. In one embodiment,
the first and the Nth emissive layers are green emissive layers.
In one such embodiment, at least one emissive layer 1n the
first emissive stack other than the first and the Nth emissive
layers 1s a red emissive layer. In one embodiment, the first and
the Nth emissive layers are yellow emissive layers. In one
such embodiment, at least one emissive layer in the first
emissive stack other than the first and the Nth emissive layers
1s a blue emissive layer. In one embodiment, the first and the
Nth emissive layers are blue emissive layers. In one such
embodiment, at least one emissive layer 1n the first emissive
stack other than the first and the Nth emissive layers 1s a
yellow emissive layer.

[0020] In one embodiment, the device emits white light. In
one embodiment, each emissive layer in the first emissive
stack comprises at least one host material and at least one
emissive dopant. In one embodiment, the composition of the
at least one emissive dopant 1n the first emissive layer 1s the
same as that of the at least one emissive dopant 1n the Nth
emissive layer. In one embodiment, the composition and the
doping concentration of the atleast one emissive dopant in the
first emissive layer 1s the same as those of the at least one
emissive dopant 1n the Nth emaissive layer. In one embodi-
ment, the composition, doping concentration, and thickness
of the first and Nth emissive layers are the same. In one
embodiment, the at least one emissive dopant 1n each emis-
stve layer 1n the first emissive stack 1s a phosphorescent
emissive dopant. In one embodiment, the phosphorescent
dopant 1s an Indium complex. In one embodiment, at least
one emissive layer 1n the first emissive stack comprises a
phosphorescent dopant, and at least one emissive layer in the
first emissive stack comprises a fluorescent dopant. In one
embodiment, when at least one emissive layer 1s a yellow
emissive layer and at least one emissive layer 1s a blue emis-
stve layer, the at least one yellow emissive layer includes a
phosphorescent dopant and the at least one blue emissive
layer includes a phosphorescent dopant. In one embodiment,
when at least one emissive layer 1s a yellow emissive layer and
at least one emissive layer 1s a blue emissive layer, the at least
one yellow emissive layer includes a phosphorescent dopant
and the at least one blue emissive layer includes a fluorescent
dopant. In one embodiment, N 1s 3 or 4. In one embodiment,
the change 1n each 1931 CIE (X, y) color coordinate of light
emitted from the first emissive stack 1s 0.02 or less for any
change in current density within the range of about 2 mA/cm*
to 80 mA/cm”. In one embodiment, the change in each 1931
CIE (x, y) color coordinate of light emitted from the first
emissive stack 1s 0.02 or less for any change 1in luminance
within the range of about 800 cd/m* to 30,000 cd/m*. In one
embodiment, the Duv value of light emitted from the first
emissive stack 1s less than 0.02 when the device 1s aged to
70% of 1ts 1mmitial luminance (L'170). In one embodiment, the
device also includes a second emissive stack between the first
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and second electrodes, wherein the second emissive stack 1s
not m contact with the first emissive stack. In one embodi-
ment, the second emissive stack has M emissive layers in
contact and 1n sequence from the first electrode side; M 1s an
integer of 3 or higher; the first emissive layer of the second
emissive stack nearest the first electrode and the Mth emissive
layer 1in the second emissive stack nearest the second elec-
trode emit light 1n the same color region, and at least one
emissive layer in the second emissive stack other than the first
and the Mth emissive stack layers emits light 1n a different
color region than the first and the Mth layers in the second
emissive stack. In one embodiment, the device further com-
prises a charge generation layer (CGL) disposed between the
first and second emissive stack. In one embodiment, the first
and Mth layers 1n the second emissive stack emit light 1n the
same color region as the first and Nth layers in the first
emissive stack. In one embodiment, the first and Nth layers 1in
the first emissive stack and the first and Mth layers in the
second emissive stack are blue emissive layers. In one
embodiment, the first and Nth layers of the first emissive stack
and the first and Mth layers of the second emissive stack are
yellow emissive layers. In one embodiment, the first and Nth
layers of the first emissive stack and the first and Mth layers of
the second emissive stack are red emissive layers. In one
embodiment, the first and Nth layers of the first emissive stack
and the first and Mth layers of the second emissive stack are
green emissive layers. In one embodiment, the device
includes at least one emissive layer between the first and
second electrodes and not 1n contact with the first emissive
stack, said layer comprising a fluorescent blue dopant. In one
embodiment, the change 1n each 1931 CIE (X, v) color coor-
dinate of light emitted from the second emissive stack 1s 0.02
or less for any change in current density within the range of
about 2 mA/cm” to 80 mA/cm®. In one embodiment, the
change 1n each 1931 CIE (X, y) color coordinate of light
emitted from the second emissive stack 1s 0.02 or less for any
change in luminance within the range of about 800 cd/m~ to
30,000 cd/m”. In one embodiment, the Duv value of light
emitted from the second emissive stack 1s less than 0.02 when
the stack 1s aged to 70% of its mitial luminance (LT770).

[0021] According to aspects of the disclosed subject matter,
another embodiment of an organic light emitting device 1s
provided that includes a first electrode; a second electrode;
and at least one emissive layer stack disposed between the
first and second electrodes; wherein the at least one emissive
layer stack has a top emissive layer, R middle emissive layers
and a bottom emissive layer in contact and in sequence;
wherein R 1s an integer of at least 1; wherein each emissive
layer comprises at least one host material and at least one light
emitting dopant; and wherein the at least one light emitting
dopant 1n the top and bottom emissive layers 1s the same. In
one embodiment, the at least one light emitting dopant 1n at
least one of the R middle emissive layers 1s different than the
at least one light emitting dopant 1n both the top and bottom
emissive layers. In one embodiment, R 1s 1. In one embodi-
ment, the at least one light emitting dopant 1n the top and
bottom emissive layers 1s a red light emitting dopant. In one
embodiment, the at least one light emitting dopant in at least
one of the R middle emissive layers 1s a green light emitting
dopant. In one embodiment, the at least one light emitting
dopant in the top and bottom emissive layers 1s a green light
emitting dopant. In one embodiment, the at least one light
emitting dopant 1n at least one of the R middle emissive layers
1s a red light emitting dopant. In one embodiment, the at least
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one light emitting dopant 1n the top and bottom emissive
layers 1s a yellow light emitting dopant. In one embodiment,
the at least one light emitting dopant 1n at least one of the R
middle emissive layers 1s a blue light emitting dopant. In one
embodiment, the at least one light emitting dopant 1n the top
and bottom emissive layers 1s a blue light emitting dopant. In
one embodiment, the at least one light emitting dopant 1n at
least one of the R middle emissive layers 1s a yellow light
emitting dopant.

[0022] According to aspects of the disclosed subject matter,
a light emitting stack for an organic light emitting device 1s
provided that includes a top emissive layer; a bottom emissive
layer; and S middle emissive layers; wherein S 1s an integer of
at least 1; wherein the top emissive layer, S middle emissive
layers and the bottom emissive layer are 1n contact and 1n
sequence; and wherein the top and bottom emissive layers
emuit light in the same colorregion, and at least one layer of the
S middle emissive layers emits light in a different color region
than the top and bottom emissive layers. In one embodiment,
cach emissive layer comprises at least one host material and at
least one emissive dopant. In one embodiment, the at least one
light emitting dopant 1n the top and bottom emissive layers 1s
a red light emitting dopant. In one embodiment, the at least
one light emitting dopant 1n at least one of the S middle
emissive layers 1s a green light emitting dopant. In one
embodiment, the at least one light emitting dopant 1n the top
and bottom emissive layers 1s a green light emitting dopant. In
one embodiment, the at least one light emitting dopant 1n at
least one of the S middle emissive layers 1s a red light emitting
dopant. In one embodiment, the at least one light emitting
dopant 1n the top and bottom emissive layers 1s a yellow light
emitting dopant. In one embodiment, the at least one light
emitting dopant 1n at least one of the S middle emissive layers
1s a blue light emitting dopant. In one embodiment, the at least
one light emitting dopant 1n the top and bottom emissive
layers 1s a blue light emitting dopant. In one embodiment, the
at least one light emitting dopant 1n at least one of the Smiddle
emissive layers 1s a yellow light emitting dopant. In one
embodiment, the device can be a consumer product, an
organic light-emitting device, and/or a lighting panel. In one
embodiment, the device can be included 1n a product, wherein
the product 1s selected from the group consisting of: a touch-
screen, a flat panel display, a computer monitor, a medical
monitor, a television, a billboard, a general i1llumination
device, a signal, a heads up display, a tully transparent dis-
play, a flexible display, a laser printer, a telephone, a cell
phone, a personal digital assistant (PDA), a laptop computer,
a digital camera, a camcorder, a viewfinder, a microdisplay, a
vehicle, a large area wall, a theater, a stadium screen, and a
S1g11.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] FIG. 1 shows an organic light emitting device.

[0024] FIG. 2 shows an mverted organic light emitting
device that does not have a separate electron transport layer.
[0025] FIG. 3, comprising FIGS. 3A through 3D, shows a
series of four OLED devices. FIG. 3A: reference OLED
device having two emissive layers (EML) (namely, red bot-
tom EML and green top EML). FIG. 3B: reference OLED
device having two emissive layers (namely, green bottom
EML and red top EML). FIG. 3C: device according to an
embodiment of the present invention having a three-emissive
layer stack for superior color stability (namely, a red bottom
EML followed by a green EML and then followed by another
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similar red EML on top). FIG. 3D: a general architecture
according to an embodiment of the present mnvention having
a three-emissive layer stack for superior color stability. In one
embodiment, the EML #1 and EML #2 are different colors,
and EML #1 and EML #3 are similar colors, with <10 nm
difference 1n emission peaks. For example, the three-EML-
stack can be a red-green-red stack for overall yellow emis-
sion, or 1t can be a yellow-blue-yellow stack for a white
OLED (WOLED).

[0026] FIG. 4 shows an emissive layer stack with a bottom
EML A, atop EML A' and two or more middle emissive layers
in between (EML B through EML X). The EML A and
EMLA' emit light 1n the same color region. At least one of the
middle emissive layers emit light 1n a different color region
than EML A and A'.

[0027] FIG. 5, comprising FIGS. 5A through 5D, shows
several color-stable white OLED architectures according to
embodiments of the present invention. FIG. SA: a single-

stack white OLED with B-Y-B or Y-B-Y EML stacks. Y can
also be replaced by R and G EMLs. FIG. 5B: the tandem
architecture may have two or more white OLED stack with
B-Y-B or Y-B-Y EML stacks.Y EML can also be R/G EMLs.
FIGS. 5C and 5D: tandem architecture containing one or
more hybrid blue stacks and one or more phosphorescent RG
stacks. The phosphorescent RG stack can have either R-G-R
or G-R-G EML stacks.

[0028] FIG. 6, comprising FIGS. 6 A through 6C, shows
normalized EL spectra data of an unaged device when current
density varies from 1 mA/cm” to 80 mA/cm” for the reference
OLED device having an RG stack (FIG. 6A); the reference
device having a GR stack (FIG. 6B); and the OLED device
according to an embodiment of the present invention having
an RGR stack (FIG. 6C).

[0029] FIG. 7, comprising FIGS. 7A through 7C, shows
normalized EL spectra data of an aged device when current
density varies from 1 mA/cm” to 80 mA/cm” in the reference
OLED having an RG stack (FIG. 7A); the reference device
having a GR stack (FIG. 7B); and the OLED device according
to an embodiment of the present invention having an RGR

stack (F1G. 7C).

DETAILED DESCRIPTION

[0030] Generally, an OLED comprises at least one organic
layer disposed between and electrically connected to an
anode and a cathode. When a current 1s applied, the anode
injects holes and the cathode 1injects electrons 1nto the organic
layer(s). The injected holes and electrons each migrate toward
the oppositely charged electrode. When an electron and hole
localize on the same molecule, an “exciton,” which 1s a local-
ized electron-hole pair having an excited energy state, 1s
formed. Light 1s emitted when the exciton relaxes via a pho-
toemissive mechanism. In some cases, the exciton may be
localized on an excimer or an exciplex. Non-radiative mecha-
nisms, such as thermal relaxation, may also occur, but are
generally considered undesirable.

[0031] The 1mtial OLEDs used emissive molecules that
emitted light from their singlet states (“tluorescence”) as
disclosed, for example, in U.S. Pat. No. 4,769,292, which 1s
incorporated by reference 1n its entirety. Fluorescent emission
generally occurs 1n a time frame of less than 10 nanoseconds.
[0032] More recently, OLEDs having emissive materials
that emit light from triplet states (“phosphorescence”) have
been demonstrated. Baldo et al., “Highly Efficient Phospho-
rescent Emission from Organic Electroluminescent Devices,”
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Nature, vol. 395, 151-154, 1998; (“Baldo-I"") and Baldo et al.,
“Very high-efficiency green organmic light-emitting devices
based on electrophosphorescence,” Appl. Phys. Lett., vol. 75,
No. 3, 4-6 (1999) (“Baldo-1I"’), which are incorporated by
reference 1n their entireties. Phosphorescence 1s described in
more detail in U.S. Pat. No. 7,279,704 at cols. 5-6, which are

incorporated by reference.

[0033] FIG. 1 shows an organic light emitting device 100.
The figures are not necessarily drawn to scale. Device 100
may include a substrate 110, an anode 1135, a hole 1njection
layer 120, a hole transport layer 125, an electron blocking
layer 130, an emissive layer 135, ahole blocking layer 140, an
clectron transport layer 145, an electron injection layer 150, a
protective layer 155, a cathode 160, and a barrier layer 170.
Cathode 160 1s a compound cathode having a first conductive
layer 162 and a second conductive layer 164. Device 100 may
be fabricated by depositing the layers described, 1n order. The
properties and functions of these various layers, as well as
example materials, are described in more detail in U.S. Pat.
No. 7,279,704 at cols. 6-10, which are incorporated by refer-
ence.

[0034] More examples for each of these layers are avail-
able. For example, a flexible and transparent substrate-anode
combination 1s disclosed 1n U.S. Pat. No. 5,844,363, which 1s
incorporated by reference 1n 1ts entirety. An example of a
p-doped hole transport layer 1s m-MTDATA doped with
F,-TCNQ at a molar ratio of 50:1, as disclosed 1n U.S. Patent
Application Publication No. 2003/0230980, which 1s incor-
porated by reference 1n 1ts entirety. Examples of emissive and
host materials are disclosed 1n U.S. Pat. No. 6,303,238 to
Thompson et al., which 1s incorporated by reference 1n 1ts
entirety. An example of an n-doped electron transport layer 1s
BPhen doped with L1 at a molar ratio of 1:1, as disclosed 1n
U.S. Patent Application Publication No. 2003/0230980,
which 1s incorporated by reference in 1ts entirety. U.S. Pat.
Nos. 5,703,436 and 5,707,745, which are incorporated by
reference 1n their entireties, disclose examples of cathodes
including compound cathodes having a thin layer of metal
such as Mg:Ag with an overlying transparent, electrically-
conductive, sputter-deposited ITO layer. The theory and use
of blocking layers 1s described 1n more detail in U.S. Pat. No.
6,097,147 and U.S. Patent Application Publication No. 2003/
0230980, which are incorporated by reference 1n their entire-
ties. Examples of imnjection layers are provided in U.S. Patent
Application Publication No. 2004/01°74116, which 1s incor-
porated by reference 1n 1ts entirety. A description of protective
layers may be found 1n U.S. Patent Application Publication
No. 2004/0174116, which 1s incorporated by reference 1n its
entirety.

[0035] FIG. 2 shows an mverted OLED 200. The device
includes a substrate 210, a cathode 215, an emissive layer
220, a hole transport layer 225, and an anode 230. Device 200
may be fabricated by depositing the layers described, in order.
Because the most common OLED configuration has a cath-
ode disposed over the anode, and device 200 has cathode 215
disposed under anode 230, device 200 may be referred to as
an “mverted” OLED. Materials similar to those described
with respect to device 100 may be used 1n the corresponding
layers of device 200. FIG. 2 provides one example of how
some layers may be omitted from the structure of device 100.

[0036] The simple layered structure illustrated in FIGS. 1
and 2 1s provided by way of non-limiting example, and 1t 1s
understood that embodiments of the invention may be used in
connection with a wide variety of other structures. The spe-
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cific maternials and structures described are exemplary 1n
nature, and other materials and structures may be used. Func-
tional OLEDs may be achieved by combining the various
layers described in different ways, or layers may be omitted
entirely, based on design, performance, and cost factors.
Other layers not specifically described may also be included.
Materials other than those specifically described may be used.
Although many of the examples provided herein describe
various layers as comprising a single material, i1t 1s under-
stood that combinations of materials, such as a mixture of
host and dopant, or more generally a mixture, may be used.
Also, the layers may have various sublayers. The names given
to the various layers herein are not intended to be strictly
limiting. For example, in device 200, hole transport layer 2235
transports holes and 1njects holes into emissive layer 220, and
may be described as a hole transport layer or a hole injection
layer. In one embodiment, an OLED may be described as
having an “organic layer” disposed between a cathode and an
anode. This organic layer may comprise a single layer, or may
turther comprise multiple layers of different organic materi-
als as described, for example, with respect to FIGS. 1 and 2.

[0037] Structures and materials not specifically described
may also be used, such as OLEDs comprised of polymeric
maternals (PLEDs) such as disclosed 1n U.S. Pat. No. 5,247,
190 to Friend et al., which 1s incorporated by reference 1n 1ts
entirety. By way of further example, OLEDs having a single
organic layer may be used. OLEDs may be stacked, for
example as described in U.S. Pat. No. 5,707,745 to Forrest et
al, which 1s incorporated by reference in its entirety. The
OLED structure may deviate from the simple layered struc-
ture illustrated 1n FIGS. 1 and 2. For example, the substrate
may include an angled reflective surface to improve out-
coupling, such as a mesa structure as described 1n U.S. Pat.
No. 6,091,195 to Forrest et al., and/or a pit structure as

described in U.S. Pat. No. 5,834,893 to Bulovic et al., which
are incorporated by reference 1n their entireties.

[0038] Unless otherwise specified, any of the layers of the
various embodiments may be deposited by any suitable
method. For the organic layers, preferred methods include
thermal evaporation, ink-jet, such as described 1n U.S. Pat.
Nos. 6,013,982 and 6,087,196, which are incorporated by
reference 1n their entireties, organic vapor phase deposition
(OVPD), such as described 1in U.S. Pat. No. 6,337,102 to
Forrest et al., which 1s incorporated by reference in 1ts
entirety, and deposition by organic vapor jet printing (OVIP),
such as described 1n U.S. Pat. No. 7,431,968, which 1s incor-
porated by reference in 1ts entirety. Other suitable deposition
methods 1nclude spin coating and other solution based pro-
cesses. Solution based processes are preferably carried out 1n
nitrogen or an inert atmosphere. For the other layers, pre-
terred methods include thermal evaporation. Preferred pat-
terming methods include deposition through a mask, cold
welding such as described 1n U.S. Pat. Nos. 6,294,398 and
6,468,819, which are imcorporated by reference in their
entireties, and patterning associated with some of the depo-
sition methods such as 1k jet and OVID. Other methods may
also be used. The matenals to be deposited may be modified
to make them compatible with a particular deposition
method. For example, substituents such as alkyl and aryl
groups, branched or unbranched, and preferably containing at
least 3 carbons, may be used 1n small molecules to enhance
their ability to undergo solution processing. Substituents hav-
ing 20 carbons or more may be used, and 3-20 carbons 1s a
preferred range. Materials with asymmetric structures may
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have better solution processibility than those having symmet-
ric structures, because asymmetric materials may have a
lower tendency to recrystallize. Dendrimer substituents may
be used to enhance the ability of small molecules to undergo
solution processing.

[0039] Devices fabricated in accordance with embodi-
ments of the present invention may further optionally com-
prise a barrier layer. One purpose of the barrier layer 1s to
protect the electrodes and organic layers from damaging
exposure to harmiul species in the environment including
moisture, vapor and/or gases, etc. The barrier layer may be
deposited over, under or next to a substrate, an electrode, or
over any other parts of a device including an edge. The barrier
layer may comprise a single layer, or multiple layers. The
barrier layer may be formed by various known chemical
vapor deposition techniques and may include compositions
having a single phase as well as compositions having multiple
phases. Any suitable material or combination of materials
may be used for the barrier layer. The barrier layer may
incorporate an 1norganic or an organic compound or both. The
preferred barrier layer comprises a mixture of a polymeric
material and a non-polymeric material as described 1n U.S.
Pat. No. 7,968,146, PCT Pat. Application Nos. PCT/US2007/
023098 and PCT/US2009/042829, which are herein incorpo-
rated by reference in their entireties. To be considered a
“mixture”, the aforesaid polymeric and non-polymeric mate-
rials comprising the barrier layer should be deposited under
the same reaction conditions and/or at the same time. The
weilght ratio of polymeric to non-polymeric material may be
in the range of 95:5 to 5:95. The polymeric material and the
non-polymeric material may be created from the same pre-
cursor material. In one example, the mixture of a polymeric
material and a non-polymeric material consists essentially of
polymeric silicon and 1norganic silicon.

[0040] Devices fabricated in accordance with embodi-
ments of the mnvention can be incorporated into a wide variety
of electronic component modules (or units) that can be incor-
porated into a variety of electronic products or intermediate
components. Examples of such electronic products or inter-
mediate components include display screens, lighting
devices such as discrete light source devices or lighting pan-
¢ls, etc. that can be utilized by the end-user product manufac-
turers. Such electronic component modules can optionally
include the drniving electronics and/or power source(s).
Devices fabricated i accordance with embodiments of the
invention can be incorporated 1nto a wide variety of consumer
products that have one or more of the electronic component
modules (or units) incorporated therein. Such consumer
products would include any kind of products that include one
or more light source(s) and/or one or more of some type of
visual displays. Some examples of such consumer products
include flat panel displays, computer monitors, medical
monitors, televisions, billboards, lights for interior or exterior
1llumination and/or signaling, heads-up displays, tully or par-
tially transparent displays, flexible displays, laser printers,
telephones, cell phones, tablets, phablets, personal digital
assistants (PDAs), laptop computers, digital cameras, cam-
corders, viewlinders, micro-displays, 3-D displays, vehicles,
a large area wall, theater or stadium screen, or a sign. Various
control mechanisms may be used to control devices fabri-
cated 1n accordance with the present invention, including
passive matrix and active matrix. Many of the devices are
intended for use in a temperature range comiortable to
humans, such as 18 degrees C. to 30 degrees C., and more




US 2016/0181560 Al

preferably at room temperature (20-235 degrees C.), but could
be used outside this temperature range, for example, from —40
degree C. to +80 degree C.

[0041] Many orgamic light-emitting diodes (OLEDs)
known 1n the art contain multiple emissive layers. For
example, a white OLED may include two to three emissive
layers, or the yellow stack of a hybrid white OLED may
include two or three red and green emissive layers. Accord-
ingly, the optimization of such devices typically requires
charge balance and “pinning down™ or confining the recom-
bination zone at the interface of emissive layers. However,
even 1n an optimized structure, the color may still vary when
the device 1s driven at various currents. This illustrates that the
color stability of the device needs improvement.

[0042] Described herein 1s a light emitting stack that
includes three emissive layers which are adjacent to each
other without any other layer in between the three emissive
layers. In one embodiment, the bottom emissive layer and the
top emissive layer emit light of two same or substantially
similar colors, while the middle emissive layer emits light of
a color different than the bottom and top layers. In such an
embodiment, minimum color shift can be achieved during
variation of driving conditions.

[0043] As contemplated herein, the symmetric design of
the light emitting stack can significantly benefit the color
stability of an OLED. This significantly improved structure
has the recombination zone pinned down at the interface of
the emissive layers. Because of the symmetry of the structure,
a slight shift of the recombination zone due to variation 1n
driving conditions will not alter the emission characteristics
of the device. Accordingly, the light emitting stack 1s a very
color-stable multiple-layer structure that can be used 1n bot-
tom emission, bottom emission microcavity, and top emis-
s1on microcavity structures. The stack can also be used as a
single component (e.g., a yellow component) 1n conjunction
with one or more other emissive stacks 1n an OLED to make
a color-stable OLED device (e.g., a vellow stack with a blue
stack 1n a tandem or stacked white OLED). Referring now to
FI1G. 3, a series of OLED device architectures 1s shown. In one
embodiment, device 300, as shown i FIGS. 3C and 3D,
includes an emissive layer stack that contains a top emissive
layer 310, amiddle emissive layer 320, and a bottom emissive
layer 330. Top emissive layer 310 emits light of the same or
similar color as bottom emissive layer 330 (1.e., red light (R)
in F1G. 3C), while middle emissive layer 320 emits light of a
different color than emissive layers 310 and 330 (i.e., green
light (G) 1n FIG. 3C). Further, emissive layers 310, 320, and
330 are adjacent to or otherwise in contact with each other,
and there are no other layers 1n between emissive layers 310,
320, and 330. Accordingly, the recombination zone 1s con-
fined due to the symmetric layer architecture. Conversely, the
prior art comparison devices shown in FIGS. 3A and 3B have
only two emissive layers, with the two emissive layers emit-
ting a different color light from each other. In such prior art
device architectures, the recombination zone can shift from
one side of the emissive stack to the other, which can result in
higher color shift when currents are varied, 1n comparison to
the symmetric stack architecture of the present mvention.
However, the architecture shown 1n device 300 represents an
unexpected and significant improvement over such prior art
architectures.

[0044] Throughout this disclosure, the top emissive layer
and the bottom emissive layer of the emissive stack of the
present invention are referred to as having the same or similar
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color, emitting the same color light, emitting light 1n the same
color region, and the like. These terms or phrases are used
interchangeably herein, and they generally refer to layers
emitting light with the same or substantially similar emission
peaks. For example, in one embodiment, two emissive layers
are considered to emit the same color 1f there 1s a difference 1n
emission peaks of the two layers of less than 10 nm. In other
embodiments, the two emissive layers are considered to emit
the same color 1t the difference i emission peaks of the two
layers 1s less than S nm, 8 nm, 11 nm, 12 nm, 13 nm, 14 nm,
15 nm, 20 nm, 25 nm, 30 nm, 40 nm, or 50 nm. However, the
emission layers described herein are not limited to the spe-
cific emission peak criteria values listed above, and the dii-
ference 1n emission peaks of the two layers can be any differ-
ence that a person skilled i the art would consider to
represent layers emitting the same or similar color. Further, 1t
1s contemplated herein that any methods or technique of
quantitying whether layers have the same or similar color
may be used, and the light output of the three emissive layers
may be driven per such measurements. Accordingly, the
emissive layer stacks described herein are not limited to using
emission peaks to classity layers as having the same or similar
color, and any other method or measurement can be used to
quantify the color of light emitted from an emissive layer, as
would be understood by a person skilled in the art.

[0045] For example, the same or similar color can be
defined by comparing the 1931 CIE (X, y) color coordinates of
two devices that are each grown with a single emissive layer.
The two devices are made with 1dentical structures, except
that one device has an emissive layer corresponding to the top
emissive layer (1.e., the same composition and thickness as
the top emissive layer to be used 1mn an OLED device having
the architecture described herein), and the other device has an
emissive layer corresponding to the bottom emissive layer. If
these two devices emit light having 1931 CIE x and 1931 CIE
y coordinates within 0.03, preferably within 0.03, or more
preferably within 0.01 difference of each other, then the top
and bottom emissive layers described in the light emitting
stack emit light 1n the same color region for the purposes of
this disclosure.

[0046] As previously described, the present invention
relates to a three-layer emissive stack with a symmetrical
architecture that confines the recombination zone to the inter-
faces between the three layers. Each of the three layers can be
any color or have any emission peak provided that when the
layers are fabricated into an OLED device, the colors of the
top and bottom layers are adequately similar to each other, but
suificiently different from the color of the middle layer, such
that the device exhibits an improvement 1n color stability over
other devices lacking this symmetric architecture. Accord-
ingly, the characteristics or compositions of the three layers
can be different than the specific embodiments disclosed
herein.

[0047] Further, any color of emissive layer can be used 1n
the stack, and the color 1s not limited to any specific color
disclosed herein. For example, the stacks as shown 1n FIGS.
3C and 3D can contain top-middle-bottom layers having the
following configuration of colors: red-green-red, green-red-
green, blue-yellow-blue, yellow-blue-yellow, green-yellow-
green, yellow-green-yellow, deep blue-light blue-deep blue,
light blue-deep blue-light blue, yellow-red-yellow, or red-
yellow-red, but any other colors can be used as would be
understood by a person skilled 1n the art. Stmilarly, the color
of light emitted from an OLED device including an emissive
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stack of the present invention can be any color, including, but
not limited to: white light, red light, green light, yvellow light,
or blue light. Accordingly, any configuration of colors may be
used 1n the stack as desired for the OLED device.

[0048] Referring now to FIG. 4, 1n one embodiment, stack
400 can include a middle emissive layer region 320 that
comprises two or more middle emissive layers, such as
middle emissive layers 321 and 322. Middle emissive layers
321, 322 and others can each emit light in the same color
region or 1n a diflerent color region, as compared to the other
layers in middle emissive layer region 320. For example,
middle emissive layer 321 can emit red light while middle
emissive layer 322 emits green light. However, at least one
middle emissive layer 1n middle emissive layer region 320
will emit light 1n a different color region than top (or first)
emissive layer 310 and bottom (or Nth) emissive layer 320.
Accordingly, 1t 1s contemplated that middle emissive layer
region 320 as a whole will typically emit a different color light
than top emissive layer 310 and bottom emissive layer 330.
Further, only emissive layers are included 1n stack 400, 1.¢.,
non-emissive layers are not included between emissive layers
310, 320, and 330, or 1n between the respective middle emis-
stve layers 321, 322. Middle emissive layer region 320 can
include any number of middle emissive layers. In one
embodiment, middle emissive layer region has two middle
emissive layers. In other embodiments, middle emissive layer
region can have3,4,5,6,7,8,9, 10, or more middle emissive
layers. Stack 400 can be used 1n any embodiment of an OLED
device, as would be understood by a person skilled 1n the art.
In one embodiment, stack 400 1s an emissive stack, having N
emissive layers, disposed between a first and second elec-
trode 1n an OLED device, wherein the first (top) emissive
layer 1s the emissive layer nearest the first electrode, the Nth
(bottom ) emissive layer 1s the emissive layer nearest the sec-
ond electrode, and the stack has one or more middle emissive
layers between the first and Nth emissive layers.

[0049] Referring now to FIG. 5, a series of OLED architec-
tures 1s shown. The OLED in FIG. SA includes a single
symmetric emissive stack, while the OLEDs in FIGS. 5B, 5C,
and 5D 1nclude two emissive stacks, 1.e., they are tandem
devices. The OLED in FI1G. 5B includes two symmetric emis-
stve stacks. The OLED 1n FIGS. 5C and 3D include one
symmetric emissive stack and a second stack that 1s a hybnid
blue emissive stack (FI-B EML). As referred to herein, a
hybrid blue emissive stack or layer 1s an emissive stack or
layer that includes both fluorescent and phosphorescent blue
dopants. Devices contemplated herein are not limited to hav-
ing a single symmetric emissive stack, and can include
devices having two or more symmetric emissive stacks. Fur-
ther, a multi-stack device can include one or more stacks
having the symmetric architecture as described herein, while
also including one or more other types of stacks or emissive
layers, 1.¢., other stack or emissive layers known in the art. In
other words, the present invention 1s not limited to devices
including only the symmetric-type emissive stacks described
herein. In one embodiment, as shown in FIGS. 5B-5D, a
device having two or more stacks can include a charge gen-
eration layer (CGL) between the two stacks. In one embodi-
ment, the CGL layer can be 1n contact with either or both of
the two stacks.

[0050] Aspreviously mentioned, these symmetric emissive
stacks exhibit significantly improved color stability over
other types of stacks known 1n the art. For the purposes of this
disclosure, the term “color-stable” refers generally to when
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an emissive stack does not exhibit a change 1n the color of
light emitted from the stack after a period of use or after the
stack 1s exposed to certain conditions. In one embodiment, the
stacks exhibit better color stability compared to other known
stacks when the driving current of a device including the stack
1s changed, 1.e., increased or decreased. In one embodiment,
the color of the stack 1s stable within a driving current density
range of about 2 mA/cm? to about 80 mA/cm? or luminance
changes from 800 cd/m” to 30,000 cd/m”. If the 1931 CIE x
and 1931 CIE y coordinates of the stack each change less than
0.02 within this current density or luminance range, prefer-

ably less than 0.01, and Duv=v(Au""+Av'” is less than 0.02,

preferably less than 0.01, more preferably less than 0.007,
this 1s defined as a color stable stack at various current den-
sities or luminance. Or, when current density changes from 10
mA/cm” to 50 mA/cm?, or luminance changes from 4,000
cd/m” to 20,000 cd/m?, if the 1931 CIE x and 1931 CIE y
coordinates each changes less than 0.02, preferably less than
0.01, more pretferably less than 0.007, and Duv 1s less than
0.02, preferably less than 0.01, more preferably less than
0.007, this 1s defined as a color-stable stack at various current
densities or luminance. Or, when current density changes
from 10 mA/cm? to 20 mA/cm?, or luminance changes from
4,000 cd/m” to 10,000 cd/m?, if the 1931 CIE x and 1931 CIE
y coordinates each change less than 0.02, preferably less than
0.01, more preferably less than 0.007, and Duv 1s less than
0.02, preferably less than 0.01, more preferably less than
0.007, this 1s defined as a color-stable stack at various current
densities or luminance. As referred to herein, Duv refers to the
minimum distance 1n the CIE 1976 (L*, u*, v*) color space
chromaticity diagram of the lighting device chromaticity
from the blackbody curve. That 1s, Duv 1s a measure of the
difference 1n chromaticity between a lighting device and a
blackbody radiator of equivalent correlated color tempera-
ture. This can be quantified in terms of Duv=v(Au” +Av'*)=V
((ul'-u2')* +(v1 '=v2"?), where (ul', v1") are the coordinates
of the lighting device, and (u2', v2') are the coordinates of the
blackbody curve at the minimum distance from the lighting
device in the CIE 1976 (L*, u*, v¥*) color space chromaticity
diagram.

[0051] Inanother embodiment, the stacks exhibit improved
color stability after aging, for example after a device includ-
ing the stack 1s heated and/or exposed to light for a period of
time. For example, when the stack 1s aged to 70% of its 1nitial
luminance (T70), the Duv 1s less than 0.007, 1t 1s color-stable
during the aging process. Or, when the stack 1s aged to 90% of
its initial luminance (L'T90), the Duv 1s less than 0.007, pret-
erably less than 0.005, more preferably less than 0.003, 1t 1s
color-stable during the aging process. Or, when the stack 1s
aged to 95% of 1ts mitial luminance (L'195), the Duv 1s less
than 0.007/, preferably less than 0.005, more preferably less
than 0.003, 1t 1s color-stable during the aging process. The
color of light emitted from a device or stack can be considered
stable if there 1s no statistically significant change in the color
characteristics over a period of time, as would be understood
by a person skilled 1n the art.

[0052] As previously described, 1n one embodiment, an
OLED device can include additional emissive stacks of a type
other than the symmetric emissive stacks described herein. In
such an embodiment, 1t 1s contemplated that the one or more
symmetric emissive stacks will exhibit the color stabilizing
effects of the architecture described herein, while the other
stack types may exhibit lower color stability. Accordingly,
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such a device, taken as a whole, may not be “color-stable” as
defined herein, as a result of the potential lack of color sta-
bility 1n the other stack types.

[0053] Itis contemplated herein that each emissive layer 1in
a stack comprises one or more emissive dopants and one or
more host materials. In one embodiment, 1dentical dopants
can be used in the first (top ) and third (bottom) emissive layers
so that the two layers emit the same color light. However, 1n
another embodiment, the top and bottom layers can emit light
in the same color region even 1f different dopants are used 1n
these layers, and the stack can still show 1improved color-
stability over other stacks in the art as a result of the archi-
tecture described herein.

Experimental

[0054] In a first example, an OLED device which includes
three emissive layers that are adjacent to each other without
any other layer in between was fabricated. The bottom emis-
stve layer and the top emissive layer contain two similar
colors. In such a case, when the device 1s optimized with
achieved charge balance and recombination zone pinned
down at the interface of the emissive layers, minimum color
shift can be achieved during variation of driving conditions.
[0055] To compare the color stability of the example device
of the present invention with OLED devices having two-later
stack architectures, red and green emissive layers were
applied 1nto stacks and three structures were grown: RGR
stack, RG stack, and GR stack. The RGR stack, RG stack, and
GR stack devices had almost identical 1931 CIE color coor-
dinates, as shown 1n Table 1. These devices also had similar
architectures as shown 1n FIG. 3, but with slight varation 1n
layer thickness and doping concentrations. The RGR stack 1s
comparable to the three-layver symmetric stack of FIGS. 3C.
The other two stacks are reference stacks comparable to the

schematics of FIGS. 3A and 3B.

TABL.

T
[—
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[0056] All devices were fabricated in high vacuum (>10~’
Ton) by thermal evaporation. The anode electrode was ~800

A of indium tin oxide (ITO). The cathode consisted of 10 A of
Liq as electron injection layer (EIL) followed by 1,000 A of
Al. All devices were encapsulated with a glass 1id sealed with
an epoxy resin in a nitrogen glove box <1 ppm ot H,O and O,)
immediately after fabrication, and a moisture getter was
incorporated inside the package. The RGR stack device
example had organic stacks consisting of, sequentially, from
the ITO surface, 100 A of LG101 (purchased from LG Chem)
as the hole injection layer (HIL), 550 A of Compound A as the

hole transporting layer (HTL), 50 A of Compound B as the
clectron blocking layer (EBL), three emissive layers (EML)
and followed by 75 A Compound C as the hole blocking layer
and 350 A of co-deposited Liq:L.G201 (purchased from LG
Chem) as the electron transporting layers (ETL). The RGR
stack contains 25 A of Red emissive layer (EML) with Com-
pound C as host and 24% Compound D as a co-host and 1%
Compound E as red emitter, 250 A of Green EML with
Compound F as host and 15% Compound G as green emutter,
and a third 25 A Red EML with Compound C as host and 24%
Compound D as a co-host and 1% Compound E as red emiut-
ter. To achieve essentially the same color 1n the RG and GR
stacks as the RGR stack, the RG stack and GR stack were
tabricated with slight variations 1n thickness and doping con-
centrations. The RG stack contained 25 A of Red emissive
layer (EML) with Compound C as host and 24% Compound
D as a co-host and 2% Compound E as red emitter and 250 A
of Green EML with Compound F as host and 10% Compound
G as green emitter. The GR stack contained 250 A of Green
EML with Compound F as host and 26% Compound G as
green emitter, and a third 25 A Red EML with Compound C
as host and 24% Compound D as a co-host and 2% Com-
pound E as red emitter. The compounds used 1n fabricating
the devices have the following structures:

Color variation data of an unaged device in RG stack, GR stack and RGR

stack when driving current density varies from 2 mA/cm? to 80 mA/cm?.

RG GR RGR
J Luminance 1931 CIE Luminance 1931 CIE Luminance 1931 CIE
[MmA/cm?] [cd/m?] X y [cd/m?] X y [cd/m?] X y
2 1,190 0.421 0.548 844 0.497 0.484 1,190 0.446 0.531
5 2,780 0.434 0.536 2,200 0.466 0.511 2,940 0.444 0.533
10 5,190 0.443 0.529 4,460 0.447 0.528 5,720 0.444 0.533
20 9,620 0.448 0.524 9,040 0.424 0.548 11,000 0.444 0.533
50 21,400 0.451 0.522 22,500 0.403 0.566 25,400 0.443 0.534
80 31,800 0.450 0.522 35,100 0.394 0.574 38,300 0.441 0.336
ACIE (80 vs. — 0.029 0.026 — 0.103 0.090 — 0.005 0.005
2 mA/cm?)
ACIE (50 vs. — 0.008 0.007 — 0.044 0.038 — 0.001 0.001
10 mA/cm?)
Duv (80 vs. 0.022 0.055 0.002
2 mA/cm?)
Duv (50 vs. 0.007 0.033 0.001

10 mA/cm?)
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[0057] o evaluate the color stability of these three devices,
the EL spectra were measured at various current inputs. FIG.
6 shows EL spectra data when current density varies from 2
mA/cm” to 80 mA/cm”. The 1931 CIE coordinates at each
current density/luminance are listed in Table 1. The change 1n

1931 CIE (x, y) coordinates over the large range of luminance
were calculated. The Duv=V(Au"+Av'?) color difference

between at 80 mA/cm” and 1 mA/cm” on the CIE 1976 (u', v')
diagram were also calculated.

[0058] All three devices were then aged at a constant cur-
rent of 80 mA/cm? at room temperature, and EL spectra were
measured again at various current inputs. FIG. 7 shows the EL
spectra data when current density varies from 2 mA/cm” to 80
mA/cm?. Table 2 shows the 1931 CIE coordinates at each

current density/luminance of the aged devices.




US 2016/0181560 Al

Color vanation data of an aged device in RG stack, GR stack and RGR
stack when driving current density varies from 2 mA/cm® to 80 mA/cm>.

TABL.

L1l

2

10
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RGr GR RGR
J Luminance 1931 CIE Luminance 1931 CIE Luminance 1931 CIE
[MmA/cm?] [cd/m?] X y [cd/m?] X y [cd/m?] X y
2 948 0.407 0.560 569 0.516 0.46% 87 0.453 0.526
5 2,220 0.420 0.54% 1,540 0.488 0.493 2,160 0.447 0.531
10 4,200 0.428 0.541 3,210 0465 0.512 4,250 0.444 0.533
20 7,820 0.434 0.536 0,560 0.444 0.530 8,340 0.442 0.534
50 17,600 0.439 0.532 16,600 0.419 0.552 19,800 0.440 0.537
80 26,500 0.439 0.532 26,400 0.407 0.563 30,300 0.438 0.538
ACIE (80 vs. - 0.032 0.028 - 0.109 0.095 - 0.015 0.012
2 mA/cm?)
ACIE (50 vs. - 0.011 0.009 - 0.046 0.040 - 0.004 0.004
10 mA/em?)
Duv (80 vs. 0.023 0.090 0.011
2 mA/cm?)
Duv (50 vs. 0.008 0.036 0.004
10 mA/em?)
[0059] The color shift during aging for the devices was also interface when the current/field i1s increased. Since the two

compared. The unaged device data compared with aged
device data of RG, GR and RGR devices 1s shown 1n Table 3.

TABL.

L1

3

Color shift data during aging process of RG stack, GR stack
and RGR stack when driving current density is at 10 mA/cm?.

] =10 mA/cm’
RG GR RGR
1976 CIE 1976 CIE 1976 ClE
u’ \'4 u v u \4
Before aging 0.209 0.375 0.212 0.375 0.209 0.376
After aging 0.198 0.376 0.227 0.374 0.209 0.376
duv 0.011 0.015 0.000
(aged to LT81) (aged to LT72) (aged to LT74)
[0060] When input current densities vary from 2 mA/cm? to

80 mA/cm”, the 1931 coordinates of CIE (x, y) of all three
structures change accordingly. However, no matter whether
the device 1s an aged device or an unaged device, the variation
in 1931 CIE coordinates of the RGR stack 1s the minimum
compared with the two reference stacks. When converted to
1976 color coordinates, the duv value of the RGR stack that
quantifies the color difference between 1 mA/cm* and 80
mA/cm” was also the minimum among the three device archi-
tectures. The color stability during aging of RGR stack was
also superior to the other two reference structures.

[0061] While not wishing to be bound by theory, this supe-
rior color stability of the example device at various luminance
levels 1s due to the symmetric device architecture of the
emissive layer 1in the three-layer stack architecture. When the
driving current/electrical field 1s small, the recombination
zone 1s closer to the ETL side due to the hole-transporting
host environment. When the current/field 1s increased, more
clectrons are transported towards the HTL side, thus the
recombination zone 1s broadened and moves towards HTL
side. Specifically, for the RG stack, the color 1s red shifted at
a higher driving current while the color 1s green shifted at a
higher current for a GR stack. For an RGR stack, the recom-
bination zone 1s shifted from the GR interface towards the RG

red EMLs have similar emissions, the overall emission of the
RGR stack stays quite stable with various driving currents/
applied fields. It the device 1s designed with a more electron-
dominating host system, the recombination zone shift may be
towards the opposite direction when current/field 1s
increased. However, the color stability of RGR will likely still
be the best among all the architectures analyzed 1n this experi-
mental due to the symmetric design. A similar mechanism can

be applied to X-Y-X stack such as BYB for a white stack.

[0062] On the other hand, since the Green and Red EMLs
are adjacent to each other, there will be energy transfer from
G to R EML which has an impact on both color stability
during various driving currents and during the aging process.
In an RG stack, for example, the recombination zone 1s close
to E'TL side at a low driving current. When the current 1s
increased, the recombination zone gets broader and shifts to
the HTL side and becomes closer to the RG interface, thus
enhances the energy transier from Green to Red. Therelore,
the energy transier was impacted more significantly in RG

and GR stacks. In the RGR stack, the recombination zone
shifts from one interface to another, so the energy transier at
various driving conditions are similar which also leads to
better color stability. This can also apply to color stability
during aging. The recombination zone can shift during the
aging process. In an RGR stack, it 1s more likely to have better
energy transier throughout the entire aging process due to the
symmetric architecture which will lead to Green and Red
aging at the same rate. Therefore, the color stability during
aging ol a RGR stack 1s also better and a RG stack and a GR
stack. The same mechanism can also be applied to other
X-Y-X symmetric architectures.

[0063] It 1s understood that the various embodiments
described herein are by way of example only, and are not
intended to limit the scope of the mvention. For example,
many of the materials and structures described herein may be
substituted with other materials and structures without devi-
ating from the spirit of the invention. The present invention as
claimed may therefore include varniations from the particular
examples and preferred embodiments described herein, as
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will be apparent to one of skill 1n the art. It 1s understood that
various theories as to why the mvention works are not
intended to be limiting.

1. An organic light emitting device, comprising;:

a first electrode;

a first emissive stack disposed over the first electrode; and

a second electrode disposed over the first emissive stack;

wherein the first emissive stack consists of N emissive

layers in contact and 1n sequence from the first electrode
side;
herein N 1s an integer of at least 3;
herein the first emissive layer in the first emissive stack
nearest the first electrode and the Nth emissive layer 1n
the first emissive stack nearest the second electrode emit
light 1n the same color region, and

wherein at least one emissive layer 1n the first emissive

stack other than the first and the Nth emissive layers
emits light 1n a different color region than the first and
the Nth emissive layers.

2. The device of claim 1, wherein the difference between
the emission peak of the first emissive layer and the emission
peak of the Nth emissive layer 1s less than about 10 nm.

3. The device of claim 1, wherein the difference between
the emission peaks of the first and Nth emissive layers and the
emission peak of any other emissive layer 1s greater than
about 10 nm.

4. The device of claim 1, wherein the first and the Nth
emissive layers are red emissive layers and at least one emis-
stve layer 1n the first emissive stack other than the first and the
Nth emissive layers 1s a green emissive layer.

5. (canceled)

6. The device of claim 1, wherein the first and the Nth
emissive layers are green emissive layers and at least one
emissive layer in the first emissive stack other than the first
and the Nth emissive layers 1s a red emissive layer.

7. (canceled)

8. The device of claim 1, wherein the first and the Nth
emissive layers are yellow emissive layers and at least one
emissive layer in the first emissive stack other than the first
and the Nth emissive layers 1s a blue emissive layer.

9. (canceled)

10. The device of claim 1, wherein the first and the Nth
emissive layers are blue emissive layers and at least one
emissive layer 1n the first emissive stack other than the first
and the Nth emissive layers 1s a yellow emissive layer.

11-12. (canceled)

13. The device of claim 1, wherein each emissive layer 1in
the first emissive stack comprises at least one host material
and at least one emissive dopant and the composition of the at
least one emissive dopant in the first emissive layer 1s the
same as that of the at least one emissive dopant in the Nth
emissive layer.

14-16. (canceled)

17. The device of claim 13, wherein the at least one emis-
stve dopant 1n each emissive layer in the first emissive stack 1s
a phosphorescent emissive dopant.

18. The device of claim 13, wherein at least one emissive
layer 1n the first emissive stack comprises a phosphorescent
dopant, and at least one emissive layer in the first emissive
stack comprises a fluorescent dopant.

19. The device of claim 1, wherein N 1s 3.

20. (canceled)

21. The device of claim 1, wherein the change in each 1931
CIE (x, y) color coordinate of light emitted from the first

z =
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emissive stack 1s 0.02 or less for any change 1n current density
within the range of about 2 mA/cm” to 80 mA/cm®.

22. The device of claim 1, wherein the change in each 1931
CIE (x, y) color coordinate of light emitted from the first
emissive stack 1s 0.02 or less for any change 1in luminance
within the range of about 800 cd/m* to 30,000 cd/m?>.

23. The device of claim 1, wherein the Duv value of light
emitted from the first emissive stack is less than 0.02 when the
device 1s aged to 70% of 1ts 1in1tial luminance (L'T70).

24. The device of claim 1, wherein the device further com-
prises a second emissive stack between the first and second
electrodes, wherein the second emissive stack 1s not 1n contact
with the first emissive stack, and

the second emissive stack has M emissive layers 1n contact

and 1n sequence from the first electrode side;
wherein M 1s an mteger of 3 or higher;
wherein the first emissive layer of the second emissive

stack nearest the first electrode and the Mth emissive
layer 1n the second emissive stack nearest the second
clectrode emit light in the same color region, and
wherein at least one emissive layer in the second emissive
stack other than the first and the Mth emissive layers
emits light 1n a different color region than the first and
the Mth layers 1n the second emissive stack .

25. The device of claim 24, further comprising a charge
generation layer (CGL) disposed between the first emissive
stack and the second emissive stack.

26. (canceled)

277. The device of claim 1, further comprising at least one
emissive layer between the first and second electrodes and not
in contact with the first emissive stack, said layer comprising
a fluorescent blue dopant.

28. An organic light emitting device, comprising:

a first electrode;

a second electrode; and

at least one emissive layer stack disposed between the first

and second electrodes;

wherein the at least one emissive layer stack has a top

emissive layer, R middle emissive layers and a bottom

emissive layer 1n contact and 1n sequence;

wherein R 1s an integer of at least 1;

wherein each emissive layer comprises at least one host

material and at least one light emitting dopant;

wherein the at least one light emitting dopant 1n the top and
bottom emissive layers 1s the same; and

the at least one light emitting dopant in at least one of the R
middle emissive layers 1s different than the at least one
light emitting dopant 1n both the top and bottom emis-
stve layers.

29-38. (canceled)

39. A light emitting stack for an organic light emitting
device, comprising:
a top emissive layer;
a bottom emissive layer; and
S middle emissive layers;
wherein S 1s an integer of at least 1;
wherein the top emissive layer, S middle emissive layers
and the bottom emissive layer are in contact and 1n
sequence; and
wherein the top and bottom emissive layers emit light in the
same color region, and at least one layer of the S middle

emissive layers emits light in a different color region
than the top and bottom emissive layers.

40-48. (canceled)




US 2016/0181560 Al Jun. 23, 2016
12

49. A product comprising the device of claim 1, wherein
the product 1s selected from the group consisting of: a touch-
screen, a flat panel display, a computer monitor, a medical
monitor, a television, a billboard, a general i1llumination
device, a signal, a heads up display, a fully transparent dis-
play, a flexible display, a laser printer, a telephone, a cell
phone, a personal digital assistant (PDA), a laptop computer,
a digital camera, a camcorder, a viewfinder, a microdisplay, a
vehicle, a large area wall, a theater, a stadium screen, and a
S1Z11.
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